Background and Objectives: The first objective of this study was to evaluate the performance of fluorescence spectroscopy for diagnosing pre-cancers in stratified squamous epithelial tissues in vivo using two different probe geometries with (1) overlapping versus (2) non-overlapping illumination and collection areas on the tissue surface. Probe (1) and probe (2) are preferentially sensitive to the fluorescence originating from the tissue surface and subsurface tissue depths, respectively. The second objective was to design a novel, angled illumination fiber-optic probe to maximally exploit the depth-dependent fluorescence properties of epithelial tissues. Study Design/Materials and Methods: In the first study, spectra were measured from epithelial pre-cancers and normal tissues in the hamster cheek pouch and analyzed with a non-parametric classification algorithm. In the second study, Monte Carlo modeling was used to simulate fluorescence measurements from an epithelial tissue model with the angled illumination probe. Results: An unbiased classification algorithm based on spectra measured with probes (1) and (2), classified precancerous and normal tissues with 78 and 94% accuracy, respectively. The angled illumination probe design provides the capability to detect fluorescence from a wide range of tissue depths in an epithelial tissue model. Conclusions: The first study demonstrates that fluorescence originating from sub-surface tissue depths (probe (2)) is more diagnostic than fluorescence originating from the tissue surface (probe (1)) in the hamster cheek pouch model. However in general, it is difficult to know a priori the optimal probe geometry for pre-cancer detection in a particular epithelial tissue model. The angled illumination probe provides the capability to measure tissue fluorescence selectively from different depths within epithelial tissues, thus obviating the need to select a single optimal probe design for the fluorescence-based diagnosis of epithelial pre-cancers.
INTRODUCTION
Over half of all human cancers originate in the stratified squamous epithelia. Examples of tissues with stratified squamous epithelia include the cervix, skin, and oral cavity. These tissues consist of a surface, stratified squamous epithelium, which contains several layers of epithelial cells, a basement membrane, and an underlying stroma, which contains structural proteins (collagen) and blood vessels. The cancerous cells originate near the basement membrane and proliferate upward within the epithelium. In invasive cancer, these cells ultimately break through the basement membrane and invade into the stroma. Approximately 1 million cases of non-melanoma cancers of the stratified squamous epithelia are identified each year [1] . Early detection and treatment of these cancers is important to minimize morbidity and mortality.
A promising technique under development for epithelial pre-cancer and early cancer detection is ultraviolet-visible (UV-VIS) fluorescence spectroscopy. This technique offers several benefits over traditional diagnostic methods, which include visual inspection (through a microscope/endoscope) followed by biopsy. First and foremost, fluorescence spectroscopy non-invasively probes the endogenous fluorescence of a large number of biological molecules that are already present in the tissue, thus providing a wealth of biochemical information related to disease progression. Additionally, advances in sensitive detectors and optical fibers make it possible to measure fluorescence spectra rapidly and remotely from human tissues in vivo. A large number of clinical investigations carried out on a variety of tissue sites including the cervix, skin, and oral cavity demonstrate that fluorescence spectroscopy provides sensitive and specific detection of epithelial pre-cancers and early cancers [2] .
The endogenous fluorophores present in epithelial tissues include tryptophan, reduced nicotinamide adenine dinucleotide (NADH), flavin adenine dinucleotide (FAD), and collagen [3] . Tryptophan, NADH, and FAD are the primary endogenous fluorophores in the cells within the epithelium. Tryptophan is an amino acid and NADH and FAD are coenzymes associated with cellular metabolism. Collagen, which is a structural protein, is the principal endogenous fluorophore in the underlying stroma. There are non-fluorescent absorbers (oxygenated and deoxygenated hemoglobin) and scatterers (cells and subcellular organelles, collagen fibrils) that indirectly affect the intensity and line shape of tissue fluorescence spectra.
There is evidence that the endogenous fluorescence contrast in pre-cancers and early cancers of stratified squamous epithelial tissues varies with depth. For example, fluorescence microscopy studies of transverse sections of fresh cervical tissue slices [4, 5] and frozen cervical tissue blocks [6] show that there is a decrease in the intensity of collagen fluorescence in the stroma and an increase in the intensity of NADH fluorescence in the epithelium in cervical pre-cancers compared to normal tissue. Moreover, the NADH fluorescence is limited to a single layer of cells adjacent to the basement membrane in the normal epithelium, but occupies the lower one-third and two-thirds of the epithelium in low-grade and high-grade pre-cancers, respectively [5] . In addition, the thickness of the epithelium in tissues such as the cervix decreases with patient age and menopausal status [7, 8] , and increases with neoplasia [4] , thus also changing the depth-distribution of the endogenous epithelial and stromal fluorescence.
A typical tissue fluorescence spectroscopy system consists of a monochromatic excitation light source, an illumination and collection system, and a detector that can measure the emitted light as a function of wavelength. The geometry of the illumination and collection system is an important component of tissue fluorescence spectroscopy and fiber-optic probes are most commonly used for this purpose [1, [9] [10] [11] [12] [13] [14] [15] . The geometry of the illumination and collection fibers on the tissue surface, the optical properties (absorption and scattering), and the fluorescence efficiency of the tissue through which the light propagates, define the optical sensing depth [1, 13, 14, 16] . In most currently used probe geometries, the illumination and collection fiber geometries are configured such that the illumination and collection areas on the tissue surface are either overlapping or non-overlapping (with a fixed distance between them). Pfefer et al. [14] used Monte Carlo modeling to evaluate the effect of these two distinct probe geometries on the depth from which the detected fluorescence originates in turbid tissues. The results of their study indicated that overlapping and non-overlapping probe designs are sensitive to fluorescence originating from different depths within tissue. The non-overlapping probe is maximally sensitive to the fluorescence originating from sub-surface tissue layers (exact depth within the tissue depends on multiple factors, including tissue optical properties and the illuminationcollection fiber separation), while the overlapping probe is maximally sensitive to the fluorescence originating from the tissue surface directly beneath the illuminationcollection area. These results were experimentally validated using synthetic two-layer tissue phantoms [1] . Although there are distinct differences in the depth-dependence of the fluorescence detected with the overlapping and nonoverlapping probe geometries, no studies have been carried out to evaluate their effect on the fluorescence-based diagnosis of epithelial pre-cancers in vivo.
The first objective of this study was to evaluate the performance of fluorescence spectroscopy for diagnosing pre-cancers in stratified squamous epithelial tissues in vivo using two distinct probe geometries with overlapping and non-overlapping illumination and collection areas on the tissue surface (referred to here as the shielded and unshielded probe geometries, respectively). The center-tocenter distance between the illumination and collection areas in the unshielded probe was the sum of the radii of the illumination and collection areas (smallest possible centerto-center distance). In the shielded probe, a quartz spacer was placed between the tips of the fibers and the tissue surface, to maximize the overlap between the illumination and collection areas on the tissue surface. The dimethylbenz[a]anthracene (DMBA) induced hamster cheek pouch model of carcinogenesis was employed so that different stages of epithelial pre-cancer could be studied in vivo over a small period of time. The results of this study indicate that fluorescence spectra measured with the unshielded probe provide significantly better discrimination between pre-cancerous and normal tissues compared to fluorescence spectra measured with the shielded probe. The improved diagnostic performance of fluorescence spectroscopy with the unshielded probe suggests that fluorescence originating from sub-surface tissue layers provides greater diagnostic information than the fluorescence originating from the tissue surface in this particular epithelial tissue model. Given that the cancerous cells originate near the basal layer of the epithelium (sub-surface tissue layer) and proliferate upward, it can be concluded that the unshielded probe is more sensitive than the shielded probe to the earliest changes in endogenous fluorescence associated with neoplasia.
It is difficult to know a priori the optimal probe geometry for pre-cancer and early cancer detection in a particular epithelial tissue model. Thus, it is desirable to design a simple, flexible fiber-optic probe that can enable tissue fluorescence measurements to be selectively made from different depths within epithelial tissues. Thus, the second objective of this study was to design a novel, angled illumination fiber-optic probe that has the capability to selectively measure the fluorescence originating from a wide range of depths within epithelial tissues and to compare it to previously proposed approaches for depth-resolved fluorescence measurements from epithelial tissues [16] . Angled illumination is achieved by tilting the illumination fiber by a specific angle, y, relative to the axis perpendicular to the tissue surface. The depth from which the detected fluorescence originates decreases with increasing y. Depthresolved fluorescence detection with the angled illumination probe design was tested on a two-layered epithelial tissue model of the cervix using Monte Carlo simulations. The results of this study suggest that the angled probe design provides a superior range of sensitivities to the epithelial and stromal layers than previously proposed approaches for depth-resolved fluorescence detection from epithelial tissues, which include the multi-distance (MD) and variable aperture (VA) probe designs [16] .
MATERIALS AND METHODS

Instrument Description
Optical spectroscopic measurements were made using a conventional laboratory spectrofluorometer (Fluorolog-3, JY Horiba, Inc., NJ). A detailed description of the instrument is provided elsewhere [17] . A fiber-optic probe can be coupled to the sample compartment (F3000, JY Horiba, Inc.), thus enabling optical spectroscopic measurements to be made remotely from the hamster cheek pouch. The adjustable variables are the excitation and emission wavelength(s), the excitation and emission slit widths, the sampling increment, and integration time.
The optical spectroscopic measurements from the hamster cheek pouch were made using a fiber-optic probe (Multimode Fibers, NJ), which consists of a single illumination fiber with a core/cladding diameter of 200/245 mm and nine surrounding collection fibers each with a core/ cladding diameter of 100/130 mm. All fibers have a numerical aperture (NA) of 0.22. The output power from the illumination fiber at 300, 320, 340, and 460 nm was 5.7, 7.3, 9.7, and 6.6 mW, respectively. Two different probe geometries were used: (1) unshielded and (2) shielded. In the unshielded probe, the tips of the fibers in the probe were placed flush against the tissue surface. This resulted in non-overlapping illumination and collection areas on the tissue surface and the center-to-center distance between the illumination fiber and each collection fiber was 187.5 mm (the sum of the radii of the illumination and collection fiber diameters). In the shielded probe, a quartz shield with 3 mm thickness and 1 mm diameter was attached to the tip of the fibers, before the probe was placed in contact with the tissue. The shield was housed in a casing that attached to the probe with a side screw, allowing for reproducible positioning of the shield on the probe tip. The shielded geometry resulted in almost completely overlapping illumination and collection areas (84% overlap) of approximately a 1 mm diameter on the tissue surface. Tissue fluorescence spectra were measured with both probe geometries. In addition, diffuse reflectance spectra were measured from the tissues only with the unshielded geometry; the shielded geometry was not employed due to the specular reflection into the collection fibers from the shield/tissue interface.
Each fluorescence spectrum was corrected for wavelength-dependent excitation light intensity delivered from the excitation monochromator using an internal reference photo diode, and for the non-uniform wavelength response of the emission monochromator and PMT using factory generated corrections factors. A background spectrum was measured at each excitation wavelength by inserting the probe into a dark bottle filled with distilled water. The background spectrum was then subtracted from the corresponding tissue fluorescence spectrum. Next, a Rhodamine fluorescence spectrum was measured at an excitation wavelength of 460 nm, with the probe placed flush against the surface of a quartz cuvette containing 2.14 mM Rhodamine B (115H3423, Sigma Chemical Co., MO) dissolved in water. Tissue fluorescence intensities at each excitation-emission wavelength pair were divided by the Rhodamine B peak intensity at 575 nm emission to correct for day-to-day variations in the throughput of the fiberoptic probe and the instrument. The diffuse reflectance spectrum was corrected for the wavelength-dependent system response and the throughput of the instrument by normalizing it, point-by-point, to the diffuse reflectance spectrum measured with the tip of the probe placed flush against a Spectralon 99% reflectance puck (SRS-99-010, Labsphere, Inc., North Sutton, NH).
Optical Spectroscopy of the Control and DMBA Treated Hamster Cheek Pouch
A total of 25 male Golden Syrian hamsters (117 AE 12 g) were examined in this study. The hamsters were housed three per cage with ad libitum access to food and water, and kept under controlled environmental conditions (228C, relative humidity 45-55%, 12 hour light/dark cycle). Animal care and procedures were in accordance with the guidelines in the U.S. Department of Health and Human Services and National Institutes of Health ''Guide for the Care and Use of Laboratory Animals'' and approved by the Institutional Animal Care and Use Committee at the University of Wisconsin.
Within each hamster, the right cheek pouch was treated three times per week with 0.5% DMBA (by weight) in mineral oil (DMBA-treated cheek) and the left cheek pouch was treated at the same frequency with mineral oil only (control cheek) for a total of 8-16 weeks. The treatment schedule of 8-16 weeks was established from the results of previous studies to yield a majority of tissues with mild to severe dysplasia [18] [19] [20] [21] [22] [23] [24] [25] .
Immediately before treating the cheek pouch, the hamster was anesthetized by placing it in a bell jar containing isoflurane. Next, its cheek pouch was everted and stretched over a plastic post, 1.3 cm in diameter and 4.3 cm high and treatment was applied with a No. 5 camelhair brush. Within each hamster, the left cheek was treated with mineral oil, and then the right cheek was treated with the DMBA/mineral oil solution. Separate brushes were used for the application of the DMBA/mineral oil solution and mineral oil alone, and both brushes were discarded after each day of treatment.
Optical spectroscopic measurements were made from the DMBA-treated and control cheek pouch of each hamster on the day of biopsy. In a previous study, Coghlan et al. [23] found that 0.5% DMBA in mineral oil has four fluorescence excitation-emission maxima at 270-410, 270-430, 370-410, and 370-430 nm, and that the fluorescence of this chemical in the tissue is negligible 48 hours after it is applied to the hamster cheek pouch. Thus, in this study, tissue fluorescence spectra were measured at least 48 hours after the DMBA treatment in order to ensure that the DMBA itself did not contribute to the fluorescence measurements.
Prior to the optical spectroscopic measurement, each hamster was anesthetized with an intraperitoneal injection of a mixture of 200 mg/kg of ketamine and 5 mg/kg xylazine. The ketamine/xylazine cocktail weakly fluoresces at an excitation-emission maximum of 300-400 nm and its emission spectra is not observed in tissue emission spectra at this excitation wavelength. Anesthesia lasted for approximately 1 hour at this dose. Next, the cheek pouch was everted and stretched over a metal post (with the same specifications as the treatment post described earlier), such that a part of the treated area was exposed. The cheek was wiped with saline and the fiber-optic probe was gently pressed on the tissue such that the tip was flush with the tissue surface, and the probe was fixed in position using a clamp assembly. Optical spectroscopic measurements were made from the control cheek pouch with the unshielded and then, shielded probe geometry. The measurements were then repeated on the DMBAtreated cheek. The probe was washed with Sparkleen 1 (04-320-4, Fisher Scientific Co., Pittsburgh, PA), rinsed with distilled water, and then wiped with methanol after completing the optical spectroscopic measurements on each hamster.
Fluorescence spectra were measured at six excitation wavelengths: 300, 320, 340, 370, 410, and 460 nm, in order to allow for an unbiased comparison of the shielded and unshielded probe geometries (the two probe geometries achieve maximal diagnostic accuracy using fluorescence spectra at different excitation wavelengths). The excitation and emission wavelength band passes were 5 and 10 nm, respectively. Each fluorescence spectrum was sampled in 5 nm increments, and the integration time was 0.5 seconds per wavelength. Diffuse reflectance spectra were measured by synchronous scanning of the excitation and emission monochromators in the wavelength range of 300-550 nm. The excitation and emission wavelength band passes were set at 0.2 nm. Each diffuse reflectance spectrum was scanned in 5 nm increments and the integration time was one second per wavelength. The high voltage was set to 950 V for all measurements.
Immediately following the last optical spectroscopic measurement on each hamster, the control and DMBAtreated cheek pouches were biopsed and placed in buffered formalin, and then the animal was euthanized. The biopsy was obtained from the everted cheek pouch (while it was still stretched out on the post) in order to ensure coregistration of the optical spectroscopic measurements and histology. The number of weeks of DMBA or mineral oil treatment was noted for the DMBA-treated and control sample. Each tissue biopsy was then cut and stained with hemotoxylin and eosin (H&E) and submitted for histological evaluation (AG). Table 1 shows the histological diagnosis of 50 tissue sites (1 DMBA-treated cheek and 1 control cheek per hamster) in a total of 25 hamsters from which fluorescence and diffuse reflectance spectra were measured. The control cheeks (treated only with mineral oil) were all diagnosed as histologically normal. Of the 25 DMBA-treated cheeks, 7 had hyperplasia, 17 had dysplasia (mild to severe), and 1 had carcinoma in situ (CIS). The number of weeks of DMBA treatment with standard deviations is given for each histopathological category.
Multivariate Statistical Analysis Figure 1 shows a flowchart outlining the steps of the multivariate statistical algorithm used for analyzing the tissue spectral data (boxes with dashed lines indicate inputs/outputs and boxes with solid lines indicate the analysis steps). Three different types of spectral data were used as inputs: (1) the original spectra, (2) spectra normalized to the peak intensity for each fluorescence spectrum or to the Soret valley (420 nm) for each diffuse reflectance spectrum, and (3) spectra normalized so that the area under the spectrum is unity. The main source of variance in the first spectral input is intensity and spectral line shape, while that in the latter two spectral inputs is the spectral line shape. A total of 21 spectra per tissue site were available for the unshielded probe (the original and 2 normalized forms of the 6 fluorescence spectra and 1 diffuse reflectance spectrum) and a total of 18 spectra per tissue site were available for the shielded probe (the original and 2 normalized forms of the 6 fluorescence spectra).
After preprocessing, principal component analysis (PCA) was employed as a data reduction technique [26] . PCA transforms each spectrum into a few orthogonal principal components (PCs). Each PC corresponds to a feature in the spectrum. It is possible to extract as many PCs as there are intensity-wavelength points in the spectrum. However the goal is to retain PCs that describe a large percentage of the variance of the original spectral data set. Thus, PCs that account for 95% of the variance in each spectrum were retained for further analysis. It should be noted that each spectrum was processed individually (not concatenated). The number of weeks of DMBA treatment with standard deviations is given for each histopathological category.
Thus, PCs identified from different spectra could be correlated to each other as spectra at different excitation wavelengths and the diffuse reflectance spectrum can potentially probe the same molecules in the tissue. The number of PCs retained for a particular spectrum ranged from 1 to 11. The next step was to extract the key PCs that show statistically significant differences between dysplastic and normal tissues. A non-parametric test was required for the small sample sizes so two-tailed paired Wilcoxon Rank Sign tests and two-tailed unpaired Wilcoxon Rank Sum tests were employed for this purpose [27] . The purpose of the unpaired and paired tests was to assess whether the same PCs were identified from the inter-hamster and intrahamster comparisons, respectively of normal and dysplastic tissues. First, paired and unpaired Wilcoxon tests were used to determine if any statistically significant differences were observed in the PC scores of the left and right cheek pouches on the first day of the study (before DMBA or mineral oil treatment was commenced). Next, paired and unpaired Wilcoxon tests were used to identify PC scores that showed statistically significant differences between the left (mineral oil treated normal tissues) and right cheek pouches (DMBA induced dysplastic tissues) on the day of biopsy (with confirmed histology). The key PCs that showed statistically significant differences (P < 0.05) between dysplasia/CIS and normal tissues based on the unpaired Wilcoxon tests were retained as inputs to the classification scheme.
Two PCs were selected from the larger set of PCs derived from all spectra preprocessed using a particular approach (original, normalized to peak, normalized to area). The first one was the statistically most significant PC identified from the unpaired Wilcoxon test, and the second one was significant within the P < 0.05 level and also least correlated with the statistically most significant PC. The most significant PC was paired with its least correlated PC so that maximal information was added upon including the second PC. Classification accuracy was not significantly increased when more than two PCs were used in the classification algorithm.
A linear Support Vector Machine (SVM) was employed as a classification technique. The linear SVM classifier separates sample classes by creating a separation hyperplane (a line in two-dimensions, a plane in three-dimensions, etc.) that maximizes the distance between the hyperplane and the marginal data point of each class. As the distance between the classifier and both sample clusters is maximized, the possibility of correctly classifying samples that were not used in the training set is optimized [28, 29] . For this study, the SVM-light classification algorithm written by Thorsten Joachims at the University of Dortmund was used [30] . The parameter C, which specifies a tolerance to misclassification error, was tuned from 10 À3 to 10 6 to give the highest overall classification rate for the training set (this tuning range was narrowed from 10 À9 to 10 9 after preliminary trials showed that a narrower range could be used).
In the cross-validation procedure, the SVM algorithm was trained with 'n À 1' samples and the remaining one sample was used for testing. This procedure was then repeated until each of a total of 'n' samples had been tested. This allowed for an unbiased evaluation of the classification algorithm. The overall classification rate, sensitivity, and specificity were calculated for both the training set and the testing set. The overall classification rate is the percent of correctly classified samples, the sensitivity is the percent of correctly classified samples diagnosed with dysplasia/CIS, and the specificity is the percent of correctly classified normal samples. For the training data set the classification rate, sensitivity, and specificity were averaged over 'n' trials and then a standard deviation was calculated. In the cross-validation procedure, the trained classifier was applied to the sample that was not used in the training set (the testing sample). The classification rate, sensitivity, and specificity for the testing data set were calculated after all the 'n' samples had been classified in this manner.
A total of 36 samples were available for the unpaired multivariate analysis and the sample sizes were equivalent for both normal and dysplastic tissues. Due to artifacts in the spectral data, several spectra had to be discarded, resulting in a slightly reduced sample size of 34 for the Fig. 1 . Flowchart outlining the steps of the multivariate statistical algorithm used for analyzing the tissue spectral data (boxes with dashed lines indicate inputs/outputs and boxes with solid lines indicate the analysis steps). Three different types of spectral data were used as inputs: (1) the original spectra, (2) spectra normalized to the peak intensity for each fluorescence spectrum or to the Soret valley (420 nm) for each diffuse reflectance spectrum, and (3) spectra normalized so that the area under the spectrum is unity.
spectral data sets at 370 and 410 nm excitation (shielded probe geometry) and for the diffuse reflectance spectra (unshielded probe geometry). PCs that displayed statistically significant differences between dysplasia and hyperplasia were also identified. However, these PCs were not analyzed further because of the small number of hyperplastic samples in this study.
It is desirable to relate the PCs that show the maximal differences between dysplasia/CIS and normal tissues to features in the corresponding spectrum. This can be achieved by re-projecting the PCs back onto the spectral data space. Re-projection of the PC of a given sample onto the spectral data space is obtained by multiplying the PC score of that sample by the corresponding eigenvector. A linear combination of the re-projected PCs that account for 100% of the variance can perfectly reconstruct the spectrum of that sample. Since the objective is to determine which spectral features are useful in the classification, only the PC that showed the statistically most significant difference between dysplasia/CIS and normal tissues was re-projected.
Monte Carlo Simulations
Fluorescence simulations with the unshielded and shielded probe geometries. A modified, threedimensional, weighted-photon Monte Carlo code was employed to model fluorescent light transport in an epithelial tissue model with (1) the unshielded and shielded probes to compare the depth-dependence of the detected fluorescence with these two probe geometries, and (2) the novel, angled illumination probe to demonstrate the capability for depthresolved fluorescence detection from epithelial tissues. The Monte Carlo code has been experimentally validated with tissue phantom model studies carried out by our group [31] . A total of 10 million photons were launched to provide a balance between simulation accuracy and computational time.
For the purpose of comparison, fluorescence simulations with the shielded and unshielded probe geometries were carried out on a homogeneous medium. The thickness of the tissue model was set at 4,500 mm to simulate a semiinfinite medium. The axial and radial grid sizes were set at 5 mm, and the numbers of axial and radial grids were set at 900 and 50, respectively to define the region of interest within the epithelial tissue model. Fluorescence was simulated in the homogeneous medium for two different sets of optical properties, which correspond to those of the epithelial and stromal layers in epithelial tissues at an excitation-emission wavelength pair of 410-460 nm ( Table 2 , Set 1) and were obtained from the publication by Drezek et al. [32] . Optical properties at 410-460 nm were used because fluorescence spectra at an excitation wavelength of 410 nm (measured with the unshielded probe geometry) were found to be most useful for the diagnosis of dysplasia (see ''Results''). For simplicity, the fluorescence efficiencies of the homogeneous media were set to unity. The anisotropy factor (g) and index of refraction (n) of the tissue model were set to 0.94 and 1.37, respectively. The theoretical illumination and collection fiber geometry were set to be identical to that of the experimental probe geometries (see ''Instrument Description''). The absorption and scattering coefficients of the quartz shield were both set at 0.0001 cm À1 and the anisotropy factor was set to unity. The refractive index of the medium above the tissue model was set to 1.45 to simulate an optical fiber for the unshielded probe geometry or to 1.54 to simulate the quartz shield for the shielded probe geometry, and that of the medium below the tissue model was set at 1.0.
Fluorescence simulations with novel, angled illumination probe. Next, a two-layered epithelial tissue model with dimensions of the normal human cervix was established for fluorescence simulations with the novel, angled illumination probe. The human cervix was chosen as the theoretical tissue model for this study because the fluorescence efficiencies and epithelial thickness have been quantitatively characterized in previous studies [4] [5] [6] [7] [8] . The thickness of the epithelial layer and that of the stromal layer were fixed at 450 and 2,050 mm, respectively. A thickness of 450 mm was chosen for the epithelial layer to approximate the average thickness of the normal human cervical epithelium [4, 6, 8, 32] . The thickness of the stromal layer was set at 2,050 mm to represent an infinitely thick tissue. The axial and radial grid sizes were set at 10 and 100 mm, respectively, and the numbers of axial and radial grids were set at 250 and 50, respectively to define the region of interest within the epithelial tissue model. Optical Optical property Set 1 was used for fluorescence simulations with the unshielded and shielded probes and optical property Set 2 was used for fluorescence simulations with the novel, angled illumination probe (l exc , excitation wavelength; l emm , emission wavelength; m a , absorption coefficient; m s , scattering coefficient).
properties corresponding to an excitation-emission wavelength pair of 460-520 nm were designated for the theoretical tissue model ( Table 2 , Set 2), and were obtained from the publication by Drezek et al. [32] . Optical property Set 2 was used in the fluorescence simulations in order to compare the fluorescence detected with the angled illumination probe to previously proposed approaches for depthresolved fluorescence detection from epithelial tissues, which include the MD and VA approaches [16] . The fluorescence efficiencies of the epithelial and stromal layers at 460-520 nm were defined from the results of previous human cervical tissue studies [6] . The anisotropy factor (g) and index of refraction (n) of the epithelial tissue model were set to 0.94 and 1.37, respectively. For fluorescence simulations with the angled probe design, the fiber-optic probe geometry on the tissue surface consisted of a single illumination fiber and single collection fiber, each with a diameter of 200 mm and a NA of 0.22. In these simulations, the illumination fiber tilt angle was set to 0-, 15-, 30-, and 45-degrees relative to the axis perpendicular to the tissue surface while the collection fiber was kept perpendicular to the tissue surface. At each illumination fiber tilt angle, the center-to-center distance between the illumination and collection fiber was varied from 200 mm to 1,000 mm in 200 mm increments. Additionally, at an illumination fiber tilt angle of 45-degrees, the effect of varying the NA of illumination and collection fibers was assessed as a function of center-to-center distance by alternating the illumination and collection fiber NAs between 0.22 and 0.37. The refractive index of the medium above the tissue model was set to 1.45 to simulate an optical fiber and that of the medium below the tissue model was set at 1.0.
The following outputs were calculated from the Monte Carlo simulations: axial fluorescence emission profile, sensitivity to the epithelial layer fluorescence, and total fluorescence detected. The axial fluorescence emission profile is the fluorescence detected by the collection fiber versus the axial depth from which the fluorescent photon originates. The sensitivity to the epithelial layer fluorescence is defined as the ratio of the detected fluorescence originating from the epithelial layer (thickness of 450 mm) and the total detected fluorescence. The total fluorescence detected was calculated by taking the ratio of the number of fluorescent photons detected by the collection fiber to the number of fluorescent photons actually generated within the epithelial tissue model. Figure 2 shows the average peak-normalized fluorescence spectra for dysplastic tissues measured with the shielded and unshielded probe geometries at (a) the shortest excitation wavelength of 300 nm, and (b) one of the longer excitation wavelengths of 410 nm. Notice that the spectral line shapes measured with the shielded and unshielded probe geometries are similar at 300 nm excitation (Fig. 2a) . However, at an excitation wavelength of 410 nm, spectra measured with the unshielded probe have greater fluorescence intensity at longer emission wavelengths than spectra measured with the shielded probe (Fig. 2b) . This observation likely reflects the deeper probing capabilities of the unshielded probe. Specifically, as the excitation wavelength increases, the absorption and scattering properties of the tissue decrease. The excitation photons that are launched into the tissue will tend to excite fluorescent photons within a deeper tissue volume and these longer traveling fluorescent photons are more likely to be captured by the unshielded probe, which has separate illumination and collection fibers rather then by the shielded probe, which has completely overlapping illumination and collection areas on the tissue surface. The average peak-normalized fluorescence spectrum at 410 nm excitation, also has a small emission peak at 580 nm (Fig. 2b) , which is more pronounced in the spectra measured with the unshielded probe. The source of this peak is unknown, but will be investigated in future fluorescence microscopy studies of transverse sections of the hamster cheek pouch.
RESULTS
Spectral Features
Feature Extraction (PCA and Wilcoxon Tests) Table 3 shows PCs that display statistically significant differences between tissue diagnosed with dysplasia/CIS and normal tissues based on unpaired Wilcoxon Rank Sum tests of PCs derived from spectra measured with the (a) shielded and (b) unshielded probe geometries. The PCs were derived from either the original spectra (original), spectra preprocessed by normalization to the peak (peak) or normalization to the area (area). Each PC is shown for the highest significance level (lowest P-value) that it satisfies. Spectra measured with the unshielded probe resulted in PCs with lower P-values (shown in the shaded region of Table 3 (b) for P < 0.0005) than PCs derived from spectra measured with the shielded probe at all excitation wavelengths, except 300 nm. At an excitation wavelength of 300 nm, PC3 derived from peak-normalized spectra measured with the shielded and unshielded probe geometries had similar P-values (0.00056 and 0.00045 for the shielded and unshielded probe geometries, respectively). The bold-faced PCs shown in Table 3 were used in the SVM classification algorithm and these were selected from each preprocessed spectral data set based on the criteria described in the ''Materials and Methods.'' It is interesting to note that most of the PCs selected as inputs for SVM classification are derived from fluorescence rather than from diffuse reflectance spectra.
As observed in the unpaired tests, the paired Wilcoxon tests also showed that PCs obtained from spectra measured with the shielded probe geometry did not meet the P < 0.0005 levels of significance that were met by those measured with the unshielded probe geometry. In addition, the four optimal excitation wavelengths identified from the paired analysis (at P < 0.001 for the shielded probe geometry and at P < 0.0005 for the unshielded probe geometry) are identical to the four optimal excitation wavelengths identified from the unpaired analysis (at P < 0.001 for the shielded probe geometry and at P < 0.0001 for the unshielded probe geometry). These excitation wavelengths are 300, 320, 340, and 410 nm.
Paired and unpaired Wilcoxon tests were also used to determine if any statistically significant differences were observed in the PCs of the left and right cheek pouches on the first day of the study (before DMBA treatment was commenced). The results of the analyses indicated that no statistically significant differences (P < 0.05) were 
The PCs were derived from either the original spectra (original), spectra preprocessed by normalization to the peak (peak), or normalization to the area (area). Each PC is shown for the highest significance level (lowest P-value) that it satisfies.
observed in PCs derived from spectra measured from the left and right cheek pouches before DMBA treatment, with either probe geometry or using any preprocessing technique.
Classification Accuracy (SVM Algorithm) Table 4 shows classification results from the SVM algorithm for discriminating between dysplasia/CIS and normal tissues using a subset of the PCs resulting from the unpaired Wilcoxon tests (bold-faced PCs in Table 3 ). The classification results are shown for PC scores derived from (a) fluorescence spectra measured with the shielded probe geometry, and (b) fluorescence and diffuse reflectance spectra measured with the unshielded geometry. For each type of preprocessed spectral data set, the pair of PCs, the spectra from which they were obtained, the correlation coefficients for each PC pair, the classification rate, sensitivity and specificity (for both the training and testing sets) are all shown.
For both the shielded and unshielded (Table 4) probe geometries, the classification rate in both the training and testing set is greater for PCs derived from peak-normalized or area-normalized spectra relative to that derived from the original spectra. In the case of the shielded probe geometry, PCs derived from peak-normalized spectra provide the highest classification rate. In the case of the unshielded probe geometry, PCs derived from the peak-normalized and area-normalized spectra have the highest (and equivalent) classification rates. The classification performance degrades with cross-validation for spectra measured with the shielded probe geometry but in the case of spectra obtained with the unshielded probe, the classification rate for the testing set is either the same as or improved relative to that in the training set. This reflects the fact that the PC scores of dysplastic and normal tissues obtained from spectra measured with the unshielded probe geometry are well separated. The best classification rate in the testing set for the unshielded probe geometry is 16% higher than the best classification rate in the testing set for the shielded probe geometry (as shown in boldface). Note that the best classification rate for the unshielded probe geometry is based on PCs derived from spectra at one excitation wavelength (410 nm), whereas the best classification rate for the shielded probe geometry is based on PCs derived from spectra at two different excitation wavelengths (300 and 340 nm). The PCs that resulted in the highest classification accuracy for the unshielded probe geometry consistently misclassified two samples: one mildly dysplastic sample and one normal sample. The PCs that resulted in the highest classification accuracy for the shielded probe geometry consistently misclassified six samples: one normal, three mildly dysplastic, and two moderate to severely dysplastic samples. The best classification rate based on PCs derived from the diffuse reflectance spectra alone (normalized to the Soret valley) was 74% in the testing set (results not shown here). This result is comparable to the best classification rate (78%) in the testing set achieved with PCs derived from peak-normalized fluorescence spectra measured with the shielded probe. Figure 3 shows the re-projected difference spectrum (dysplasia/CIS-normal) for the statistically most significant PC, PC3 derived from the peak-normalized spectra at 410 nm excitation, and the actual difference spectrum (dysplasia/CIS-normal) of peak-normalized spectra at 410 nm excitation, both obtained with the unshielded probe geometry. The difference spectrum is calculated by subtracting point-by-point the average fluorescence intensity of normal tissues from the average fluorescence intensity of tissues diagnosed with dysplasia/CIS. Evaluation of the difference spectrum re-projected from PC3 and the actual difference spectrum shows that the two spectra are very similar to each other, particularly at wavelengths below 500 nm. The actual difference spectrum crosses zero near 480 nm emission indicating that the fluorescence intensities of dysplasia/CIS and normal tissue are equal at this wavelength. At emission wavelengths less than 480 nm, the actual difference spectrum is greater than zero, and at emission wavelengths greater than 480 nm the actual difference spectrum is less than zero. This indicates a redshift in the average peak-normalized fluorescence spectra of normal tissue relative to that of dysplastic tissue. The greatest difference in the peak-normalized fluorescence intensity of dysplasia/CIS and normal tissue occurs between 440 and 460 nm emission. Figure 4 shows the detected fluorescence as a function of tissue depth for the shielded and unshielded probe geometries in a homogeneous tissue model with optical properties representative of epithelial and stromal layers at an excitation-emission wavelength pair of 410-460 nm (optical property Set 1, Table 2 ). The unshielded probe is maximally sensitive to the fluorescence originating from a sub-surface tissue depth, while the shielded probe is maximally sensitive to the fluorescence originating from the tissue surface (see graphs for Set 1 (stroma)). A decrease in the absorption and scattering coefficients increases the depth from which maximal fluorescence is detected by the unshielded probe, but it does not change the depth from which maximal fluorescence is detected by the shielded probe (see graphs for Set 1 (epithelium)). Thus, changing the optical properties does not alter the characteristic differences between these two probe geometries. Figure 5 shows the detected fluorescence as a function of tissue depth achieved with an illumination tilt angle of 0-and 45-degrees relative to the axis perpendicular to the tissue surface (for an illumination and collection fiber separation of 200 mm) in an epithelial tissue model (optical property Set 2, Table 2 ). The dashed line at a depth of 450 mm separates the epithelium (E) and stroma (S) in the theoretical tissue model. At normal incidence (0-degrees), the collection fiber is most sensitive to the fluorescence The classification results are shown for PC scores derived from (a) fluorescence spectra measured with the shielded probe geometry and (b) fluorescence and diffuse reflectance spectra measured with the unshielded geometry. For each type of preprocessed spectral data set, the PCs, the spectra from which they were obtained, the correlation coefficients for each PC pair, the classification rate, sensitivity, and specificity (for both the training and testing sets) are all shown.
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Fluorescence Simulations Using the Angled Illumination Probe Design
originating from the stromal side of the epithelial/stromal interface. At an angle of illumination of 45-degrees, the collection fiber is most sensitive to fluorescence originating from the upper-half of the epithelium. It should be noted that the angled illumination probe and the unshielded probe described previously are most sensitive to fluorescence originating from a sub-surface tissue depth while the shielded probe is most sensitive to fluorescence originating from the tissue surface. Figure 6 shows the sensitivity to the epithelial layerfluorescence as a function of illumination-collection fiber separation or center-to-center distance, at an angle of illumination of 0-(normal incidence), 15-, 30-, and 45-degrees. In the case of normal incidence (0-degrees), the sensitivity to the epithelial layer fluorescence is less than 20% at all separations, suggesting that this probe geometry is more sensitive to stromal layer fluorescence. However, at an angle of illumination of 45-degrees, the sensitivity to the epithelial layer fluorescence is substantially increased at the shortest separation, and increasing the separation provides a wide range of sensitivities to the epithelial and stromal layer fluorescence. Note that varying the angle of illumination has negligible effect on the sensitivity to the epithelial layer fluorescence at illumination-collection separations, exceeding 800 mm. It is also interesting to see that at the shortest illumination-collection separation of 200 mm, a wide range of sensitivities to the epithelial and stromal layer fluorescence can be achieved by varying the illumination fiber tilt angle from 0-to 45-degrees. Varying the NA of the illumination and collection fibers does not affect the sensitivity to the epithelial layer fluorescence (results not shown here). Figure 7 shows the total fluorescence detected as a function of illumination-collection fiber separation or center-to-center distance, at an illumination angle of 0-degrees (for illumination and collection fiber NAs of Fig. 3 . The re-projected difference spectrum (dysplasia/carcinoma in situ (CIS)-normal) for the statistically most significant PC, PC3 derived from the peak-normalized spectra at 410 nm excitation, and the actual difference spectrum (dysplasia/CISnormal) of peak-normalized spectra at 410 nm excitation, both obtained with the unshielded probe geometry. The difference spectrum is calculated by subtracting point-by-point the average fluorescence intensity of normal tissues from the average fluorescence intensity of tissues diagnosed with dysplasia/CIS. Table 2 ). The dashed line at a depth of 450 mm separates the epithelium (E) and stroma (S) in the theoretical tissue model. 
DISCUSSION
This study demonstrates that the classification accuracy of a multivariate statistical algorithm based on UV-VIS fluorescence spectroscopy can be significantly affected by the fiber-optic probe geometry. Specifically, the unbiased classification accuracy of fluorescence spectra measured with the shielded probe was found to be significantly lower (78%) than that measured with the unshielded probe (94%). The Monte Carlo modeling studies show that the unshielded probe is most sensitive to sub-surface tissue layers, while the shielded probe is maximally sensitive to the fluorescence originating from the tissue surface. Additionally, an increase in the excitation wavelength (which corresponds to a decrease in the absorption and scattering coefficients) increases the depth from which maximal fluorescence is detected by the unshielded probe, but does not change the depth from which maximal fluorescence is detected by the shielded probe. It should be noted that the depth from which maximum fluorescence is detected by the unshielded probe depends on the tissue optical properties and fluorescence efficiency, and the values selected from the literature for the Monte Carlo simulations may not be representative of the hamster cheek pouch. Thus, the exact depth(s) from which the maximum detected fluorescence originates for the unshielded probe cannot be accurately determined.
Light microscopy studies of transverse sections of hamster tissues carried out by our group show that the epithelial thickness of the dysplastic and normal tissues are 90 AE 40 and 35 AE 10 mm, respectively (these values are smaller than the actual epithelial thickness in vivo because the tissue shrinks upon fixation). Based on the Monte Carlo modeling studies, it is likely that the unshielded probe geometry is more sensitive to the fluorescence originating from sub-surface epithelial layers and the epithelialstromal interface, while the shielded probe is most sensitive to the fluorescence originating from the surface of the epithelial layer. Given that the neoplastic cells originate near the basement membrane of the epithelium and proliferate upward [33] , the unshielded probe is presumably more sensitive than the shielded probe to the earliest endogenous fluorescence changes associated with neoplasia. Additionally, preliminary multi-photon fluorescence microscopy studies of the hamster cheek pouch by our group indicate a highly fluorescent keratin layer at the surface of the epithelium. These findings are consistent with observations made in previous fluorescence microscopy studies of human cervical tissues [5] . The fluorescence of the surface keratin layer could be a source of noise in the fluorescence detected by the shielded probe, and thus also contribute to its reduced classification accuracy.
The sensitivity to fluorescence originating from different layers of tissue affects the fluorophores that are probed and thus the optimal excitation wavelengths identified for the two different probe geometries. An optimal excitation wavelength of 410 nm was identified for the unshielded probe and an optimal excitation wavelength of 300 nm was identified for the shielded probe. Based on the re-projections of the statistically most significant PC scores derived from spectra at these excitation wavelengths, it is likely that the primary fluorophore contributing to spectra at an excitation wavelength of 410 nm is NADH and that contributing to spectra at an excitation wavelength of 300 nm is tryptophan.
Statistically significant spectral differences between dysplastic/CIS and normal tissues (at the P < 0.005 level) were also observed at excitation wavelengths of 320, 340, 370, and 410 nm, for spectra measured with the shielded probe geometry. A subset of these excitation wavelengths are consistent with those identified in a previous study in which multi-excitation fluorescence spectroscopy (between 330 and 500 nm excitation) of the DMBA-treated hamster cheek pouch was carried out using a similar probe geometry [22] . Coghlan et al. [22] found that fluorescence spectra at excitation wavelengths between 350-370 nm and 400-450 nm provide the greatest discrimination between dysplastic and normal tissues.
This study has shown that the accuracy of an algorithm based on fluorescence spectroscopy can be significantly affected by the fiber-optic probe geometry. The probe geometry can affect sensitivity to the fluorescence originating from different tissue depths and the total fluorescence detected. The angled illumination probe design enables tissue fluorescence to be selectively detected from a wide range of tissue depths and thus has the potential to improve the fluorescence-based diagnosis of epithelial pre-cancers with the conventionally used unshielded and shielded probe geometries. The use of oblique incidence rather than normal incidence on the tissue surface causes the excitation photons and the subsequently generated emission photons to travel a shorter path length before they reach the collection fiber. Thus, increasing the angle of illumination increases the sensitivity to the superficial tissue layer fluorescence. By varying the illumination tilt angle from normal incidence to 45-degrees for example, the depth from which the maximum detected fluorescence originates can be varied between the stromal and epithelial layers and within the different sub-layers of the epithelium. In the angled illumination probe design, the total fluorescence detected increases with (1) increasing illumination tilt angle relative to the normal, (2) decreasing center-to-center distance, and (3) increasing collection fiber NA. All three of these factors increase the overlap between illumination and collection light cones in the tissue, thus increasing the total fluorescence detected. Some groups have successfully implemented angled illumination probe designs for optical spectroscopy of tissue [34, 35] . However, none of these groups have explored angled illumination probes for depth-resolved fluorescence measurements from epithelial tissues.
Previously, several groups have proposed two approaches for depth-resolved fluorescence measurements from epithelial tissues [36] [37] [38] . These approaches are referred to here as the VA and MD approaches. In the VA probe, the illumination and collection areas on the tissue are overlapping. By increasing the diameter of the illumination and collection areas on the tissue surface, the depth from which the detected fluorescence originates can be increased. In the MD probe, separate illumination and collection fibers are placed on the tissue surface. By increasing the separation between the illumination and collection fibers, the depth from which the detected fluorescence originates can be increased. Zhu et al. [16] modeled these two probe geometries for depth-resolved fluorescence measurements from an epithelial tissue model of the human cervix with the same dimensions, optical properties and fluorescence efficiencies as that used for the angled illumination probe simulations. They found that the VA probe is primarily sensitive to the epithelial layer fluorescence, while the MD probe is primarily sensitive to the stromal layer fluorescence. The results of the study reported in this article show that the angled illumination probe provides a superior range of sensitivities to the epithelial and stromal layers than that achieved using either the VA or MD approaches (Fig. 6 shows a comparison of the sensitivities to the epithelial layer fluorescence of the MD probe (at 0-degrees or normal incidence) and the angled illumination probe (15-, 30-, and 45-degrees)). Although it has been previously shown that the tissue optical properties and the illumination and collection fiber diameters can affect the sensitivity to the fluorescence originating from different tissue depths [16] , the angled illumination probe design is consistently superior to the VA and MD probes for different sets of optical properties and different fiber diameters (results not shown here).
